Four types of carbohydrates, including Dendrobium officinale polysaccharide, Dendrobium aphyllum polysaccharide and b-glucans from yeast and barley, were examined, and their structures were found to mainly contain 1,4-linked-b-D-Glcp. Artificially simulated gastrointestinal digestion was conducted to characterise the changes of molecular weight, reducing sugars and released free monosaccharides by highperformance liquid chromatography, kits and the newly developed gas chromatography (GC)-mass spectrometry (MS)/MS analysis, which indicated that high molecular weight and complex spatial structures contributed to delayed monosaccharide release following exposure to digestive solution. The spatial structures of carbohydrates were changed during gastric digestion, but their primary structures were destroyed during intestinal digestion. Additionally, for the developed 7890A/7000 GC-TQ/MS-MS, the new analytical method was successfully used to analyse very low concentrations of monosaccharides in the simulated gastrointestinal digestive system.
Introduction
Glucans are commonly concentrated in the internal aleurone and subaleurone endosperm cells walls, and b-glucans are indigestible polysaccharides naturally present in various organic sources including yeasts, bacteria, oat grains and barley (Havrlentova & Kraic, 2006) . Various types of b-glucans have shown bioactivities; for example, barley b-glucans have multifunctional effects in animals, including the maintenance of specific blood biochemical parameters and reducing the risk of coronary and ischaemic heart disease (Maki et al., 2007) . Additionally, yeast b-glucans were shown to have antioxidant effects on experimental spinal cord injury in rats and wound healing effects in a rodent model (Ho et al., 2002; Kayali et al., 2005) . The structures of b-glucans, containing unbranched polysaccharides consisting of b-D-glucopyranose units linked through (1 ? 4) and (1 ? 3) glycosidic bonds in cereals and (1 ? 6) glycosidic bonds in fungal sources, were reported to greatly affect water solubility, digestive character and relevant bioactivities (Ren et al., 2003) . Dendrobium is the second largest genus in Orchidaceae and has been used as a traditional medicine and edible food source for decades in Asia. Among the 78 species of Dendrobium, Dendrobium aphyllum and Dendrobium officinale are widely planted in tropical and subtropical Asia, Australia and the Pacific islands. Currently, species of D. officinale on the market show weak reproductive ability and high cultivation standards, leading to high costs (Luo et al., 2016) . However, D. aphyllum is easy to plant and less costly, but is also less popular (Liu et al., 2017b) . Polysaccharides extracted from D. officinale were reported to contain a backbone of (1 ? 4)-linked b-Dmannopyranosyl residues and b-D-glucopyranosyl residue (Xing et al., 2015; Huang et al., 2016) .
As a functional food, the effects of carbohydrates, including b-glucans and Dendrobium polysaccharides, on the human body occur after digestion, glycolysis and absorption (Gibson & Macfarlane, 1995; Wong et al., 2006) . Consumption by humans may direct or indirectly alter the structure because of the strong acid, high bile and complicated intestinal microbiota conditions, which may also alter their bioactivities (Ramasamy et al., 2014) . Based on human physiology under gastric and intestinal pH conditions, in vivo digestion models have been developed as simple, inexpensive, reproducible and ethical tools (Jonathan et al., 2012) .
When characterising the changes in carbohydrate structures during stimulated gastrointestinal (GI) digestion, quantitative analysis of free released monosaccharide is challenging (Pons et al., 2003) . Traditional chemical methods cannot be used to measure the content of released monosaccharide, but rather measure total sugars or reducing sugars. Moreover, the detection limit of normal gas chromatography (GC) with a flame ionisation detector or high-performance liquid chromatography (HPLC) analysis is too high to detect very low levels of released monosaccharides during digestion, which may result in false-negative results regarding released monosaccharide generation (Ravikumar et al., 2013) . Therefore, a new quantitative method is needed to detect low levels of released monosaccharides during artificial GI digestion with carbohydrates as substrates. The Agilent 7890A/7000 Triple Quadrupole GC/MS-MS (7890A/7000 GC-TQ/MS-MS) (Santa Clara, CA, USA) is a very sensitive technique for analysing samples with low concentrations, in which the primary mass spectrometer uses an electron ionisation (EI) source with the advantages of stabilisation and easy control with clear results; and the secondary mass spectrometer, containing trace nitrogen, can detect specific fragments through the nitrogen chamber under specific voltages (Krumwiede & Huebschmann, 2011) .
In our previous study, the detailed structure of D. aphyllum polysaccharide was identified and its variations during in vitro digestion were characterised, but comparison with other samples was not conducted (Liu et al., 2017a) . Therefore, in this study, three types of carbohydrates with similar structures to D. aphyllum polysaccharide were used for horizontal analysis. After verifying the structure of b-glucans from yeast and barley, as well as polysaccharides from D. officinale and D. aphyllum, artificially simulated gastrointestinal digestion was performed to detect variations in structure during digestion, including molecular weight, reducing sugars and released monosaccharides, with released monosaccharides evaluated using the newly developed GC-TQ/MS-MS method. By comparing four types of carbohydrates predominantly containing (1 ? 4)-linked b-D-glucopyranosyl residues but showing slight differences, the causes of structure changes affected by gastrointestinal digestion were evaluated.
Materials and methods

Chemicals and samples
Fresh samples of D. aphyllum (1 kg) were collected from the GAP farm located in Xishuangbanna, Yunnan province, China. These samples were authenticated by experts from the Department of Life Sciences, South China Agricultural University. Dendrobium officinale polysaccharides (DOP) (UV ≥ 85%) were obtained from Solarbio (Beijing, China). b-Glucans from yeast (G-Y) (BR, 80%) and barley (G-B) (HPLC, >95%) were purchased from Guangzhou QiYun biological Technology Co., Ltd. (Guangzhou, China) and Sigma (St. Louis, MO, USA), respectively. Standard monosaccharides (D-mannose and D-(+)-glucose) were obtained from Sigma. Pepsin (hog stomach mucosa, 15 000 U mg À1 ) was obtained from Aladdin Co. (Shanghai, China). Pancreatin (insulin > 4000 U mg À1 , pancreatic amylase >30 000 U mg À1 , pancrelipase >7000 U mg À1 ) and gastric lipase (≥30 000 U g À1 ) were purchased from Qiyun Life Technologies Co. (Guangzhou, China). All other chemicals and reagents used were of the highest analytical grade commercially available.
Sample preparation
Dendrobium aphyllum polysaccharide (DAP) was collected as described in our previous study (Liu et al., 2017a) . Briefly, after decolorisation and removal of watersoluble impurities, the collected sample powder (10 g) was extracted in a material to solvent ratio of 1:85 (w/v), temperature of 80°C and time of 4.6 h. After using the Sevag method for deproteinisation, the protein-free crude polysaccharide (10 mL, 10 lg mL
À1
) was loaded onto a DEAE-Sepharose Fast Flow chromatography column (1.6 9 35 cm) and subsequently Sephadex G-200 chromatography column (1.6 9 60 cm). The DAP fraction was collected after lyophilisation. All samples including DAP, DOP, G-Y and G-B were stored at À20°C until use.
Particle size analysis
The particle sizes of DAP, DOP, G-Y and G-B were determined using a Zetasizer Nano instrument (Malvern Instruments, Ltd., Malvern, UK) at room temperature (Wisker et al., 2015) .
Scanning electron microscopy (SEM) analysis
Before scanning electron microscopy (SEM) (model 1530VP, LEO, Oberkochen, Germany), SEM-DOP, SEM-G-Y and SEM-G-B samples were prepared as described by Liao et al. (2014) . All samples were analysed, respectively, and the corresponding images were captured for further study.
Infrared spectroscopic analysis of polysaccharides
A total of 3 mg anhydrous DOP, G-Y and G-B were analysed using the potassium bromite pellet method with a Fourier transform infrared (FTIR) spectrophotometer (Bruker, Billerica, MA, USA) at wavelengths of 4000-400 cm À1 (Seedevi et al., 2015) .
Monosaccharide composition
A total of 10 mg DOP, G-Y and G-B were dissolved in 4 mL trifluoroacetic acid (2 M), followed by hydrolysis for 5 h at 110°C. Alditol acetates were obtained by adding 1 mg myoinositol, 10 mg hydroxylamine hydrochloride, 1 mL pyridine and 1 mL acetic anhydride. After preparing eight monosaccharides (L-rhamnose, D-ribose,
and D-fructose), single and mixed standards, and the internal reference myoinositol, 1-lL samples were analysed by GC (7890B, Agilent) with a DB-1701 chromatographic column (30 mm 9 0.53 mm 9 0.25 lm). The temperature was first increased from 100 to 230°C at 10°C min
À1
, followed by 230 to 250°C at 50°C min
and held for 1 min. A flame ionisation detector was used with parameters of 230°C at 300 mL min À1 for the air rate, 30 mL min À1 for the hydrogen rate and 5 mL min
for the nitrogen rate.
Methylation analysis
To verify the glycosidic bond type of DAP, DOP, G-Y and G-B, methylation analysis was performed. The dried methylated polysaccharides of DAP, DOP, G-Y and G-B were obtained as described by Zhang et al. (2017) and subsequently hydrolysed and reduced by sodium borodeuteride (70 mg) and acetylated with acetic anhydride (0.5 mL) (Zhang et al., 2017) . The resulting sample was analysed by GC-MS (7890B, Agilent) with a TR-5MS capillary column (30 m 9 0.25 mm 9 0.25 lm, 150-180°C at 10°C min À1 and then 180À260°C at 15°C min À1 ).
Simulated artificial gastric and intestinal digestion in vitro
Gastric and small intestinal medium preparation The gastric medium was prepared as described by Mkandawire et al. (2015) with some modifications (Mkandawire et al., 2015) . The gastric electrolyte solution (GES) consisting of 3.1 g NaCl, 1.1 g KCl, 0.15 g CaCl 2 and 0.6 g NaHCO 3 was dissolved in 1 L ultrapure water. To adjust the GES to a final pH of 3, 0.1 M HCl was used. Subsequently, 35.4 mg of pepsin (531 9 10 3 U) from the porcine gastric mucosa and 37.5 mg of gastric lipase (1.125 9 10 3 U) were added to a solution of 150 g of GES and 1.5 mL of CH 3 COONa (1 m, pH 5). After 10 min of gentle mixing at room temperature, 0.1 M HCl was used to adjust the pH to 3.
The simulated small intestinal electrolyte solution (SIES) consisted of 5.4 g NaCl, 0.65 g KCl and 0.33 g CaC l2 ÁH 2 O dissolved in 1 L ultrapure water; 0.1 M NaOH was used to adjust the SIES to a final pH of 7. In addition, for the pancreatin enzymes solution, 14 g pancreatin enzymes, in which contained insulin (>56 9 10 3 U), pancreatic amylase (>420 9 10 3 U) and pancrelipase (>98 9 10 3 U), were dissolved in 200 g of water and centrifuged for 10 min at 4800 g after gentle mixing for 10 min. A total of 100 g of supernatant were added to the following solution: 200 g 4% bile salt and 100 g 7% pancreatic enzymes (w/w) in 100 g SIES. To this mixed solution, we added 13 mg trypsin and adjusted the pH to 7.5 with 0.1 M NaOH.
Artificial gastrointestinal digestion assay
According to the method of Hu et al. (2013) with some modifications, 45 mg DAP, DOP, G-Y and G-B were dissolved in 90 mL GES. Thirty-six test tubes were prepared, and 10 mL mixed solutions were added to each tube. Another nine test tubes contained only 10 mL GES as a control group. All tubes were subjected to stimulated digestion in an incubator at 95 r min À1 and 37°C in the dark in an anaerobic environment. Gastric digestion of the samples (sample-S) and controls (Control-S) was analysed at 0, 1, 2 and 4 h of gastric digestion in the corresponding tubes. All sample and control groups were dialysed (MW cut-off 100 Da) against ultrapure water, exchanged every 3 h until the ionic concentration of the dialysate was equal to that of ultrapure water. The residual tubes for the sample and control groups were prepared for stimulated intestinal digestion by adding 12 mL SIES after adjusting each tube pH to 7 via 1 M NaHCO 3 . The samples were mixed completely and digested while incubating at 95 r min À1 and 37°C in an anaerobic environment in the dark. Intestinal digestion of the sample (sample-I) and control (Control-I) was also analysed after 1, 2, 3, 4 and 6 h of digestion in the corresponding tubes. All intestinal digestion samples and control groups were immediately dialysed (MW cut-off 100 Da) against ultrapure water and exchanged every 3 h until the ionic concentration of the dialysate was equal to that of ultrapure water. All digested samples inside the dialysis bag were then lyophilised and stored at À20°C until use.
Determination of molecular weight changes
High-performance gel permeation chromatography was conducted to determine the weight average molecular weight ( 10 lm, and TSK G-3000PWXL column; 7.8 9 300 mm inner diameter, 6 lm), was used, and samples were eluted with 0.02 M KH 2 PO 4 and detected with a Waters 2414 differential refractive index detector at a flow rate of 0.6 mL min À1 and column temperature of 35°C. A total of 10 lL sample solution were injected, and chromatography was conducted for 45 min. Dextran standards with different molecular weights (Mw 5.2 9 103, 1.16 9 105, 2.38 9 104, 4.86 9 104, 1.48 9 105, 2.73 9 105, 4.1 9 105 and 6.68 9 105 Da) were used for data analysis.
Determination of reducing sugar content
The reducing sugar content in each DOP, G-Y and G-B sample before and after artificial digestion was assessed using an original sugar content kit (Suzhou Comin Biotechnology Co., Ltd., Suzhou, China).
GC-TQ/MS-MS analysis of released free monosaccharide
Standard solutions of monosaccharides were prepared as described by Zhang et al. (2016) with some modifications . Two monosaccharides (D-mannose and D-(+)-glucose) were weighed (2 mg), prepared as concentration gradients and then 1 mg myoinositol, 10 mg hydroxylamine hydrochloride and 1 mL pyridine were added for derivatisation. After thorough mixing, the DAP, DOP, G-Y and G-B samples before and after artificial digestion were placed in a water bath for 30 min at 90°C, 1 mL acetic anhydride was added, and the samples were incubated for another 30 min in the water bath at 90°C. Sample solutions (1 mL) were passed through 0.22-lm organic phase filter membranes. Sample (DOP, G-Y, G-B and their sample-S and sample-I) and control (Control-S, Control-I) solutions (5 mL) were analysed after derivatisation as described above.
After preparation, 1 lL of each sample was analysed by GC (7890A/7000, Agilent) with a HP-5MS UI chromatographic column (30 mm 9 0.25 mm 9 0.25 lm) at 60°C for 2 min retention, and then, the temperature was increased to 180°C at 20°C min À1 , from 180 to 215°C at 5°C min À1 , at which the temperature for transmission was 280°C, and for unsplit stream sampling injection was 280°C with helium (purity 99.999%) as a carrier gas and nitrogen (purity 99.999%) as a crash gas. For mass spectrometry, the delayed time of solvent was 12 min, for MS1, the ion source was EI at a temperature of 230°C and electron energy of 70 eV; for MS2, the former ion was 314 and product ion was 212 and 152, with a collision energy of 15 V and residence time of 160 ms.
The calculation of released free monosaccharide was shown as the following: 
Statistical analysis
Data are expressed as the mean AE standard deviation (SD) of three replicates. Significant differences between the means of parameters were calculated using Duncan's multiple-range test with SPSS 17.0 software (SPSS, Inc., Chicago, IL, USA). P < 0.05 was considered to indicate statistical significance.
Results and discussion
Characterisation and verification of DOP, G-Y and G-B
Based on our previous study and with the results of this study, we summarised the structure of DAP and compared the results with three other types of carbohydrates in this study. As shown in Table 1 , the particle size of DOP was similar to that of DAP, but significantly larger than that of G-B, particularly for GY. In terms of the molecular weight, DAP was 471.586 kDa according to our previous report; based on this study, the molecular weight of DOP was 618.029 kDa, of G-Y was 580.185 kDa, of G-B was 14.747 kDa, in which the corresponding chromatogram was shown in Figure S1 . It was reported that the molecular range of glucan contained D-b-1 ? 4 linkages was from 150 to 2500 kDa, and outside the range resulted in the relatively low water solubility (Lazaridou et al., 2004) . Regarding the spatial structure of the three carbohydrates, SEM analysis was performed and the detailed images under 1 lm are shown in Fig. 1 . The shape of b-glucan from yeast ( Fig. 1a) and barley (Fig. 1b) was similar, whereas b-glucan from yeast was nebulousliked shape with a microgroove on the surface and from barley was an arc-shaped sheet structure, resulting in a hierarchy. Moreover, the shape of DOP was very different and appeared as foliated rock-like with chaps on the surface, which was similar to the structure of DAP with a filiform-shaped spatial pattern as shown in Figure S2A shown. In general, unlike the structure with a large surface area within b-glucan, the hierarchy in DOP and DAP may contribute to the relatively high bioactivities and functions. For example, regarding the immune effects, it was reported that immune responses of macrophage are stimulated mainly through pattern recognition receptors (PRRs) which discriminate pathogen-associated molecular pat-terns, and carbohydrates mainly bind PRRs to stimulate specific intracellular pathways (Rendina et al., 2008) . Therefore, activated immune-related gene transcription and cytokine expression result in relatively different spatial configurations with high probabilities of binding different types of PRRs (Xiao et al., 2005) .
To confirm the detailed structure, FTIR was performed and the results for DOP, G-Y and G-B are shown in Fig. 1 and Table 1 . As shown in Fig. 1 , the wavenumber of the three types of carbohydrates was essentially the same with slight differences, in which the strong signal at 3448 cm À1 represents the vibration of hydroxyl group of polysaccharides in water, while the signals at 2898, 2937 and 2939 cm À1 of G-B, G-Y, and DOP, respectively, were due to C-H stretching (Xing et al., 2015) . The strong peaks at 1641 cm
À1
were observed because of the adsorbed water; and at 1371, 1410 and 1376 cm À1 of G-B, G-Y and DOP, respectively, indicate C-H bending vibration of CH 3 (Wei et al., 2016) . The signals at approximately 1029 cm À1 in the three carbohydrate sources were ascribed to the stretching vibration of pyranose rings, and the peaks at 891-894 cm À1 indicate the exists of b-D type glycosidic bonds (Liao et al., 2015) . In contrast to G-Y and G-B, the signal only observed for DOP, a peak at 878 cm À1 , indicated the presence of mannose pyranosyl rings, which agrees with the FTIR analysis of DAP as shown in the Figure S2B (Wei et al., 2016) . Therefore, we found that the three purchased carbohydrates had typical polysaccharide structures with b-D type glycosidic bonds, in which DOP contained specific mannose pyranosyl rings and extra mannose pyranosyl rings were also present in DAP according to our previous study.
Monosaccharide analysis was performed to verify the monosaccharide compositions of three carbohydrates. Eight monosaccharides were clearly separated, In terms of DOP, mannose and glucose formed a structure in which the molar ratio of mannose to glucose was 4.17:1. The monosaccharide compositions of DOP agreed with those stated in many references and similar to that of DAP (D-mannose, retention time 11.235; D-(+)-glucose, retention time 11.489), in which the molar ratio of mannose to glucose was 2.48:1, based on our previous study. Methylation analysis was conducted to identify the glycosidic bond type; the results are shown in Table 1 . According to major fragment ion in each carbohydrate, methylated sugars were identified using a GC-MS database and therefore the glycosidic bond type in DAP was ?4) Man-(1?; and ?4) Glc-(1?, which agrees with the results of our previous periodate oxidation-Smith degradation analysis, and DOP was also the same, which agrees with the results of other Dendrobium officinale polysaccharides study (Wei et al., 2016) . Additionally, there were ?4) Glc-(1 ? glycosidic bond type; and ?3) Glc-(1 ? glycosidic bond type in G-B, as well as ?3) Glc-(1 ? glycosidic bond type, ?6) Glc-(1 ? In conclusion, after verification, the three purchased carbohydrates and obtained DAP in our study had b-D glycosidic bond types with different particle sizes, molecular weights and spatial characteristics, in which 
Analysis of newly developed GC-TQ/MS-MS method
In general, the detection limit of a flame ionisation detector in GC analysis is 100 lg mL
À1
, which was too high to evaluate the concentration of released monosaccharide in this study. Therefore, GC-MS was performed to explore the chromatography conditions; after confirming the derivative of standard monosaccharides in the NIST database after acetic anhydride derivation (as shown in Figure S3) , the maximum m/z of 145 was chosen as the quantitative ion; the relatively suitable m/z of 314/187/212 was used as a qualitative ion. Based on these parameters, the mass spectrometry conditions of mixed monosaccharide standards were an EI ion source of 230°C, electron energy of 70 eV, ion mode of m/z as 314, 187, 212 and 145, and residence time of 80 ms; the chromatogram and mass spectrogram are shown in Fig. 2a and b, respectively. As shown in Fig. 2a , the peaks relevant to mannose and glucose were completely separated, indicating that the above conditions were suitable for analysing the two monosaccharides; the fragmentation information in Fig. 2b was used to qualitatively evaluate the monosaccharides. The corresponding standard curve for mannose was y =59.833447x À 66.890329 (R 2 = 0.995) and for glucose was y = 115.471994x À 72.483222 (R 2 = 0.997), as shown in the ( Figure S4A and B) . When using 8.125 lg mL À1 mixed monosaccharide solution as the qualitative criterion (mannose as shown in Fig. 2c , glucose as shown in Fig. 2d ), the qualitative ion ratio of 2.0313, 16.25 and 32.5 lg mL À1 mixed monosaccharides solution was all out of the range of 80-120%; for example, the ratio of 32.5 lg mL À1 standard solution was 156.8% (as shown in Fig. 2e ), indicating that various substances in the gastrointestinal juice prevented detection of trace monosaccharides by GC-MS analysis. The response of disruptors at m/z 314, 187, 212 and 145 showed results useful for determining sample concentrations.
Therefore, 7890A/7000 GC-TQ/MS-MS was conducted to accurately evaluate the free released monosaccharide in a complex gastrointestinal system. The m/z as 314 acted as the parent ion, and the principle of mass spectrometry is shown in Fig. 3 . As shown in Fig. 3a , through bombardment by the EI electronic source, the gas phase derivative of monosaccharides showed inductive effect of the a-bond of aliphatic ketones and therefore formed a very stable acetyl ion (CH 3 -C三O + ) appearing as a high basement peak (m/ z as 43) in the mass spectrogram. Through the effects of bombardment, d-bonds were directly broken and hydrocarbon compounds were fractured, preferentially forming stable positive carbon ions ( + CR 3 > + CHR 2 > + CH 2 R > + CH 3 ). The possible breaking position of monosaccharides is shown in Fig. 3b (labelled as A, B, C and D, in order of precedence: C > D > A > B); their products after fracture were evaluated, respectively, in which the corresponding m/z information was marked as C 2 was 145, C 1 was 242, A was 289 and D was 314. Because the molecular weight of glucose and mannose were the same while the structure of glucose showed stronger symmetry (as shown in Fig. 3c and d) , resulting in stronger adsorbability on the weak polarity chromatographic column HP-5, the appearance time of glucose was later than that of mannose. These results agree with those of GC-MS analysis (Fig. 2a) . Moreover, far away from the dbond, the large functional group is more exposed and easier to remove and therefore showed a high response value in GC-MS analysis. Thus, the steric hindrance of glucose was higher than that of mannose, resulting in a relatively high response value at m/z as 289 and 314 (details shown in Fig. 3c and d) . In conclusion, although m/z 43 showed a high response value, the corresponding structure was too simple to be further analysed; therefore, m/z 314, with showed various structure information and a better response value, was chosen for GC-TQ/MS-MS analysis.
For detailed analysis, using running product ion scanning mode with the former ion m/z 314, the secondary mass spectrometry started scanning at an m/z of 20 and ended with an m/z of 320 for 300 ms; the chromatograms obtained at 5, 10, 15 and 20 V collision energy are shown in Fig. 4a , and the corresponding mass spectrograms of glucose and mannose are shown in Fig. 4b and c, respectively. The major secondary fragment m/z was 43, 212 and 152, in which the m/z at 43 was CH 3 CH 2 CH 2 + and not characterised; m/z as 212 and 152 showed a close response ratio at 15 V, indicating the strong capacity to resist disturbance. At 20 V, the response value of m/z was too low and therefore formed m/z 43; thus, we used a collision energy of 15 V as the optimised condition for GC-TQ/MS-MS.
Based on the above mass spectrum analysis of standard monosaccharides, the text sample DOP-I 4 was randomly selected for GC-TQ/MS-MS analysis under the above parameters, and the results of GC-MS analysis and GC/MS-MS analysis of the DOP-I 4 text sample are shown in Fig. 5a and b, respectively. Glucose released under the two conditions was 18.8999 lg mg À1 by GC/ MS and 16.9584 lg mg À1 GC/MS-MS, but the released mannose was very different, at 76.9974 lg mg À1 by GC/ MS and 5.8516 lg mg À1 by GC/MS-MS analysis. The qualitative ion ratio of mannose according to GC/MS-MS (Fig. 5a ) was quite different from the range of 80-120%, indicating that detection of trace mannose by GC/MS showed strong interference from impurities, resulting in high values compared to the actual mannose concentration. However, the deviation of the qualitative ion ratio on mannose by GC/MS-MS was 97.9%, which is in the acceptable range of 80-120%. Compared to the study in which the released monosaccharides of D. officinale polysaccharides were released during GI digestion, revealing no detectable monosaccharides (Zhang et 2014), the results when using the same text samples and same GI digestive conditions through our analytical method were more reliable and accurate, indicating that the newly developed analytical GC-TQ/MS-MS method was accurate and reliable and suitable for measuring trace released free monosaccharides in complex gastrointestinal solutions.
Variation during GI digestion
Molecular weight analysis of three types of carbohydrates during gastric (Fig. 6a) digestion was conducted. The molecular weight of all types of carbohydrates rapidly decreased in the first 1 h of contact with stimulated gastric solution, as DOP decreased to 6.593 AE 0.574 kDa, G-Y decreased to 6.001 AE 0.678 kDa and G-B decreased to 7.462 AE 0.771 kDa, which agrees with DAP (Table S1 ), indicating that carbohydrates were very sensitive to the strong acid with amounts of digestive enzymes and electrolytes; these results are consistent with the types of polysaccharides (Hu et al., 2013) . During gastric digestion, both DOP, G-B and G-Y during the whole gastric digestive time were obviously decreased (as shown in Fig. 6a) ; our previous study of DAP during gastric digestion showed a continuously decreasing molecular weight (Table S1 ); and we could conclude that mannose, the presence of branched chain and 1, 4-linked-b-D-Glcp were not the major factors affecting the decrease in molecular weight during gastric digestion. In terms of intestinal digestion (as shown in Fig. 6d ), the molecular weights of three carbohydrates all exhibited slightly decreasing tendencies that were similar to the changes in DAP. Therefore, types of carbohydrates with 1,4-linked-b-D-Glcp were not that sensitive to the intestinal digestive solution.
Released monosaccharides were analysed with the newly developed GC-MS/MS method, and the results are shown in Fig. 6 ; the content of free monosaccharides was very low (all below 0.33 and 50 lg mg À1 during gastric and intestinal digestion, respectively). For detailed analysis, during gastric digestion, for the released monosaccharides, 0.23 AE 0.0014 lg mg À1 glucose was present in G-Y, while after stimulated gastric digestion, released glucose was increased to 0.3 AE 0.0013 lg mg À1 , which was still very low (Fig. 3b) . Additionally, the specific gastric digestive solution resulted in the release of monosaccharides in DOP and G-B, which were slightly increased by gastric digestion. In terms of DAP, mannose was released after 2 h of gastric digestion, while glucose was released after 4 h of digestion. The relatively high molecular weight and complex spatial structure may be major factors reducing the probability of breaking glycosidic bonds and therefore releasing monosaccharide. As shown in Fig. 6e , during intestinal digestion, the released monosaccharides increased to different extents, with bglucans releasing more glucose when exposed to the intestinal digestive solution because of its low molecular weight and simple structure compared to those of Dendrobium polysaccharides. For Dendrobium polysaccharides, DOP with a relatively high molecular weight released more monosaccharides than did DAP; there was no significant increase in released glucose and a slight increase in free mannose within DAP. Moreover, because of the high concentration of mannose in DAP, the released mannose was exposed to the digestive solution and the concentration was higher than that of glucose, which was similar to DOP.
Regarding the concentration analysis of reducing sugars, as shown in Fig. 6c , the concentrations of reducing sugars in all types of carbohydrates were very low; following exposure to gastric digestive solution, reducing sugar content did not clearly increase. When carbohydrates came into contact with the intestinal digestive solution, the concentration of reducing sugars increased in a time-dependent manner for all types of carbohydrates, indicating that gastric conditions do not significantly affect the breaking of glycosidic bonds, while the intestinal environment damaged the carbohydrate structure and exposed the reducing polysaccharide group (Wang et al., 2005) . Compared with the tendencies of DAP (as shown in Table S1 ), the changes in reducing sugars indicated that molecular weight, the presence of branching and structure did not affect the production of reducing sugars, while stimulated gastric and intestinal digestive solution affected exposure of the reducing ends in the carbohydrates.
It was reported that when carbohydrates were dissolved in digestive solution, two forms of carbohydrates with lower molecular weights were produced. One was the product of glycosidic bond breakage that was irreversible with the generation of reducing sugars and released monosaccharides, which may alter the bioactive functions of macromolecular carbohydrates because of changes in structure (Maningat & Seib, 2010) . Additionally, the presence of active forces between glycosidic bonds or monosaccharide groups caused polysaccharides to form aggregates in aqueous systems, whereas strong acids, high concentrations of bile salts and agglomerates contained in the gastrointestinal medium destroyed the spatial structure of carbohydrates, which was reversible without destruction of the primary structure and maintained the bioactive capabilities (Li et al., 2006) . Therefore, based on the changes in molecular weight, released monosaccharides and reducing sugars during GI digestion, three types of carbohydrates formed aggregates in gastric digestive solution and the primary structure of carbohydrates was maintained; in contrast, under intestinal digestive conditions, glycosidic bonds of carbohydrates were broken and low molecular weight released monosaccharides and reducing sugars were produced.
Conclusion
To characterise specific carbohydrate structures during gastrointestinal digestion, four types of carbohydrates, including D. officinale polysaccharide, D. aphyllum polysaccharide, and b-glucans from yeast and barley, were obtained and their detailed structures were verified in this or a previous study. The four carbohydrates contained 1,4-linked-b-D-Glcp, with different sizes, molecular weights and structures; the differences between the four carbohydrate structures enables analysis of the variations in artificial gastrointestinal digestion. Moreover, a newly developed GC-TQ/MS-MS method was demonstrated to be useful for evaluating very low concentrations of monosaccharide in a highly accurate manner.
Artificial stimulated gastrointestinal digestion was performed, and the changes in molecular weight, reducing sugars and released monosaccharides were characterised. The results indicated that the four types of carbohydrates were all sensitive to the gastric digestive conditions and, regardless of the monosaccharide composition, glycosidic bond types and the presence of branches did not affect the reductions in molecular weight. The content of released monosaccharides did not clearly increase during gastric digestion and showed a slight increase during intestinal digestion. The breaking down of the matrix inside the carbohydrates would happen mainly due to the gastric enzymes and mostly due to pepsin; thus, the high molecular weight and complex structure may reduce carbohydrate exposure to the digestive solution and therefore decrease the release of monosaccharides. These changes in reducing sugar content were not observed during GI digestion. In general, regardless of the molecular weight, the presence of glycosidic branches, monosaccharide composition and structure of carbohydrates, gastric digestion mainly caused aggregates to form, which changed the carbohydrate structure. Intestinal digestion broke down glycosidic bonds, resulting in changes to the primary structure.
This study provides information for studies of the relationship between carbohydrate structure and gastrointestinal digestive characterisation, particularly carbohydrates containing 1,4-linked-b-D-Glcp, as well as for the measurement of very low concentrations of released monosaccharides during complex digestive solutions by GC-TQ/MS-MS, a sensitive analytical method.
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